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Immune cells not only patrol the body in the circulation but also importantly, associate with speciﬁc tis-
sues, such as the intestinal epithelium. The complex interactions between immune cells and their target
tissues are difﬁcult to study and simple, genetically tractable models are lacking. Here, we present the
ﬁrst thorough characterization of gut-associated macrophages in Drosophila larvae. We analyze their gene
expression, morphology, development and lineage and importantly, demonstrate that they are functional
(phagocytic) macrophages. We test their regulation by phosphoinositide 3-kinase (PI3K) and show evi-
dence that this pathway regulates the population size of gut hemocytes and their phagocytic activity,
reminiscent of recent ﬁndings in mammalian colitis models. Our data suggest that PI3K signaling mod-
iﬁes the adhesive properties of hemocytes, a possible mechanism for gut-hemocyte regulation. These
results demonstrate the potential of the Drosophila larva as a simple tool to uncover mechanisms regu-
lating recruitment and maintenance of innate immune cells at their target tissues.
 2011 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Innate immune cells are central to defense mechanisms and
homeostasis in all metazoans. In invertebrates, which rely solely
on the innate immune response for defense against pathogens, in-
nate immune cells are vital for phagocytosis and encapsulation of
pathogens, melanization and clotting. In vertebrates, they partici-
pate in the ﬁrst phase of the response to infection and are essential
to activate and regulate the adaptive immune response.
The ability of innate immune cells to navigate through the
organism in a controlled but responsive way is important for their
function. However, migration to, and association with, tissue tar-
gets must be tightly regulated to prevent chronic inﬂammation
(Varol et al., 2010). For example, in humans, inﬂammatory bowel
diseases derive in part from the mis-regulation of gut-associated
innate immune cells (Garrett et al., 2010). PI3K signaling is known
to be essential for migration of single cells in various species
(Affolter andWeijer, 2005), including the homing of immune circu-
latory cells in vertebrates (Oak et al., 2007; Ward and Marelli-Berg,ering larvae; DH31, diuretic
minant negative; CA, consti-
ax: +351 21 799 95 04.
an-Rémy), jregan@fm.ul.pt
into@fm.ul.pt (A. Jacinto).
-NC-ND license.2009). Recently, murine models of colitis have shown that PI3K is
required for the regulation and function of the intestinal popula-
tion of innate immune cells: PI3K-mutant mice have higher num-
bers of macrophages inﬁltrating the gut epithelium, but these are
defective in signaling and bactericidal activity (Uno et al., 2010;
van Dop et al., 2010). The effect on macrophage number is
surprising, given the critical role for PI3K in the directed migration
of leukocytes in response to chemotactic cues (Oak et al., 2007;
Ward and Marelli-Berg, 2009). Indeed, a simple, genetically tracta-
ble model, whereby gene expression can be modiﬁed indepen-
dently in immune cell and target tissue, would be useful to
unravel the role of PI3K in the regulation of gut-associated
macrophages.
Recently, Drosophila has emerged as an outstanding model for
studying intestinal innate immunity. Making use of its relative
simplicity, various studies have uncovered mechanisms, some of
which are conserved through evolution, underlying the innate im-
mune response and epithelial renewal of the gut after oral infec-
tion (Lee, 2009; Lemaitre and Hoffmann, 2007). However, innate
immune cells at the gut have not yet been well characterized.
Drosophila possesses a simple cellular immune system composed
of three types of immune cells collectively called hemocytes:
lamellocytes that respond speciﬁcally to parasitoids, crystal cells
involved in melanization, and phagocytic plasmatocytes. Plasmato-
cytes represent over 95% of the hemocyte population and perform
many tasks, such as secretion of the extracellular matrix, phagocy-
tosis of apoptotic cells and bacterial intruders, and participation in
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of mammalian monocytes (Lemaitre and Hoffmann, 2007; Wood
and Jacinto, 2007). Hemocytes have proved to be a very valuable
system for studying developmental and wound-responsive
migration (Babcock et al., 2008; Cho et al., 2002; Fauvarque and
Williams, 2011; Siekhaus et al., 2010; Stramer et al., 2010, 2005;
Williams et al., 2007; Wood et al., 2006; Zanet et al., 2009), con-
served mechanisms of hematopoiesis (Crozatier and Meister,
2007; Honti et al., 2010; Krzemien et al., 2007; Lebestky et al.,
2000), and the innate immune response (Franc et al., 1999; Kurucz
et al., 2007; Matova and Anderson, 2006; Pham et al., 2007; Philips
et al., 2005; Williams et al., 2006). The expression of hemocyte
markers at two restricted locations in the gut has recently been
noted (Charroux and Royet, 2009), raising the possibility that
Drosophila possesses tissue-associated macrophages, reminiscent
of the mammalian situation.
In order to establish the Drosophila larva as a simple model to
study the regulated localization of gut-associated macrophages,
we characterize in detail the two populations of cells previously
described as expressing hemocyte Gal4 markers. We show that
only one of these populations corresponds to bona ﬁde hemocytes.
These cells are predominantly plasmatocytes of embryonic origin,
equivalent to the general hemocyte population in terms of mark-
ers. They colonize the proventriculus (PV) progressively from the
2nd larval instar, forming a discrete group of functional macro-
phages able to phagocytose both apoptotic bodies and bacterial
intruders. We show evidence that PI3K is involved in the regulation
of gut-hemocyte population size and phagocytic activity, reminis-
cent of recent results obtained in mouse models of colitis (Uno
et al., 2010; van Dop et al., 2010). Our data indicate that the PI3K
regulation is independent of changes in proliferation and
apoptosis, and is instead likely linked to a change in the adhesive
properties of the cells.2. Materials and methods
2.1. Drosophila stocks
All stocks were obtained from Bloomington Stock Center, except
when speciﬁed. The following strains were used: HmlD-GAL4
(Sinenko and Mathey-Prevot, 2004; S. Sinenko), srp(hemo) -GAL4
(Bruckner et al., 2004; P. Rorth), He-GAL4 (Zettervall et al., 2004),
Pxn-GAL4 (Stramer et al., 2005; B. Stramer), crq-GAL4, eater-GAL4
(Tokusumi et al., 2009; T. Tokusumi), gcm-GAL4 (Cho et al., 2002;
Kyoto DGRC), lz-GAL4 (Crew et al., 1997), ubi-DE-cad-GFP, Viking-
GFP (Flytrap G205; Morin et al., 2001), UAS-GFP, w⁄; P{UAS-
mCD8.ChRFP}2, UAS-nlsCherry (S. Prag), UAS-CheCAAX, Resille-GFP.
For PI3K analysis, recombinant ﬂies HmlD-GAL4, UAS-GFP were
crossed with y1 w⁄; P{Dp110D954A}2 (PI3K DN; Leevers et al.,
1996), P{UAS-Pi3K92E.CAAX}1, y1 w1118 (PI3K CA), P{Dp110-CAAX}1,
y1 w⁄ (PI3K CAmyc), and with y1 w1118 for controls. For lineage
analysis, we crossed w⁄; P{UAS-FLP.Exel}3, P{Ubi-p63E(FRT.STOP)
Stinger}15F2 (G-trace; Evans et al., 2009) with gcm-GAL4, or w1118
for control. Stocks were raised on standard cornmeal-agar medium
at 25 C. F1 were transferred at 29 C to increase GAL4 efﬁciency.2.2. Dissection, infection, phagocytosis assay and bleed preparation
Guts from L3 wandering (L3W) larvae were dissected in ice-cold
Phosphate Buffered Saline (PBS), on ice, then mounted in ice-cold
mounting medium (Glycerol + 1 PBS (1:4) + 2% DABCO (1,4-
diazabicyclo[2.2.2]octane)) on a slide, with one-coverslip-high
bridge, and immediately imaged. For embryonic gut imaging, stage
16 embryos were dechorionated using double-side tape, and guts
were dissected and mounted in PBS.Pseudomonas entomophila (P.e.) infections were carried out on
L3 feeding larvae as described elsewhere (Vodovar et al., 2005).
For Erwinia carotovora carotovora 15 (E.c.c.15) infections, we fed
L1 and L2 larvae on 4 g. of standard medium mixed with 200 lL
of overnight culture at O.D. 200. In both cases, the number of PV-
hemocytes was analyzed at L3 wandering stage, and lethality
was assessed at pupal and adult stages.
For bacterial phagocytosis assay, guts were dissected and left
for 15 min in a drop of either Alexa Fluor 594-conjugated Esche-
richia coli particles (Molecular Probes, cat.# E-23370), or PBS con-
taining E. coli-RFP (ﬁnal optical density after dilution in PBS: 2;
Vlisidou et al., 2009) grown overnight in Luria Bertani (LB) medium
with Ampicillin at 37 C with agitation. Guts were rinsed in PBS,
mounted in mounting medium and immediately imaged.
For in vivo phagocytosis assay, 1 lm ﬂuorescent microbeads
(Polysciences, cat.# 17154) were injected posteriorly in L3 feeding
larvae (1:10 beads:PBS, 18.4 nL). PV was dissected from L3W larvae
for phagocytosis analysis 18–20 h after injection.
Hemocytes were retrieved from L3W larvae by bleeding four
larvae into 20 lL of PBS, where hemolymph was left to settle for
20 min, before ﬁxation or live imaging. For cell morphology analy-
sis, we bled control and PI3K CA or DN lines into the same drop of
PBS (with control hemocytes expressing one ﬂuorophore and PI3K
CA or DN another, using UAS-GFP or UAS-nlsCherry) in order to have
an internal control. To control for the effect of different ﬂuoro-
phores on cell morphology, colors were switched upon repetition.
All scoring was performed blind on color-free images.
2.3. Immunostaining and TUNEL analysis
We used the following antibodies: rabbit anti-DH31 (1:500;
Veenstra, 2009), mouse anti-He (1:200; Kurucz et al., 2003), mouse
anti-NimC1 (1:200; Kurucz et al., 2007), rabbit anti-PH3 (phospho-
histone H3, 1:500; Sigma), rat anti-DE-Cadherin and mouse
anti-Fascin (both 1:100; Developmental Studies Hybridoma Bank),
rabbit anti-GFP (1:2000, Invitrogen), mouse anti-GFP (1:1000;
Roche). Goat anti-mouse Alexa568, goat anti-rabbit Alexa488, goat
anti-rabbit Alexa568 and goat anti-mouse Alexa488 were all used
at 1:200 (Invitrogen). Immunolabeling was performed as follows,
except for anti-DH31 (diuretic hormone 31) for which we used
an established protocol (LaJeunesse et al., 2010). Dissected guts
and bleeds were ﬁxed for 15 min in 4% formaldehyde in PBS and
then washed in PBST (PBS with 0.1% Triton X-100; Sigma–Aldrich).
Guts were serially dehydrated in methanol and left in 100% meth-
anol for 1 h at 20 C. The reverse procedure was followed to
rehydrate the guts. Guts were washed in PBST. Guts and bleeds
were incubated 1 h at room temperature (RT) in blocking solution
(PBST + 1% Bovine Serum Albumin), before an overnight incubation
at 4 C with primary antibodies diluted in blocking solution. Sam-
ples were rinsed and washed 6  25 min in PBST, incubated 30 min
in blocking solution, then 1.5 h in secondary antibodies at RT. After
3  10 min washing (PBST), the samples were either mounted, or
incubated in DAPI solution (40,6-diamidino-2-phenylindole;
1 lm/mL, 5 min at RT) and washed 3  10 min before mounting.
For TUNEL (Terminal deoxynucleotidyl transferase dUTP nick
end labeling) analysis, guts and bleeds were ﬁxed and washed as
described above, before permeabilisation for 20 min on ice (0.1%
sodium citrate 0.1% Triton X-100 in PBS). A positive control was
incubated at 37 C for 30 min in a solution of DNAse1 2.5% in
10 buffer (50 mM Tris–HCl, pH 7.5, 1 mg/mL BSA), in a humidity
chamber. The TUNEL reaction was carried out using the kit as rec-
ommended by the manufacturer (Roche, In Situ Cell Death Kit, AP),
with 90 min or 1 h incubation at 37 C for guts and bleeds, respec-
tively. The samples were washed in PBS before DAPI staining, as
described above. Remaining Cherry ﬂuorescence was sufﬁcient to
visualize hemocytes in these experiments.
Fig. 1. Gut-associated hemocytes. (A) Schematic representation of the larval
midgut (L3) showing HmlD-Gal4, UAS-GFP (HmlD>GFP; similar notation is hereafter
applied to all expression of UAS-GFP under the control of a driver-Gal4) expression
(green), in two regions – cells enclosed in the proventriculus (PV) and inserted in
the midgut junction region epithelium (arrow heads). Numbers indicate regions of
the gut; (1) gastric caeca; (2) PV; (3) upper midgut; (4) copper/acidic region. (B)
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times, with three or more guts per condition in each experiment.
For bleed samples (TUNEL, PH3-staining), we aimed for 1000
free-hemocytes imaged per condition in each experiment.
2.4. Imaging
Imaging was performed using a confocal laser line-scanning
(LSM 5 Live; Carl Zeiss) or point-scanning (LSM710; Carl Zeiss)
microscope, using a 40 oil objective. Images were analyzed using
ImageJ (NIH). Figures were produced using Adobe Photoshop and
Illustrator.
2.5. Scoring and statistical analysis
Gut hemocytes were scored manually from original images. Im-
age stacks and 3D reconstructions were used to determine the
number, shape and position of hemocytes relative to gut
epithelium.
For cell morphology analysis, we categorized the cells in three
morphological groups: round, with few or no lamellae or projec-
tions; intermediate, including cells with some ﬁlopodia and partial
lamellae; and serrate, with a large, well spread and serrated lamel-
la around the periphery of the cell. We then blind scored each cat-
egory from color-free images, assigning genotype after scoring.
Controls from PI3K CA vs. control and DN vs. control independent
experiments (three in each case) gave consistent population
proﬁles.
For phagocytosis assay, the phagocytotic index was calculated
as follows: number of particles phagocytosed/number of cells.
For all analyses, we compared only guts or bleeds from the same
gender. Statistical signiﬁcance was deﬁned by pair-wise compari-
son to controls using the Mann–Whitney U test. Indicated p-values
are two-tailed. Calculations and graphs were produced using Excel
(Microsoft) and Prism (Graphpad).HmlD>GFP expression in PV. (C) (inset) Enclosed cells have a typical plasmatocyte
morphology, round with some protrusions and vacuoles. (D) Hemocytes are located
within the folds of the PV epithelium, circling the foregut, shown in He>Cherry
(Che)CAAX, Resille-GFP larvae. Resille (Res) marks epithelial cells and CheCAAX marks
the plasma membrane. (E) HmlD>GFP expression in the midgut junction region. (F)
(inset) He>CheCD8 expression in a single inserted cell: many vesicles can be
observed. (G) Midgut junction region in He>CheCAAX, ubi-DE-Cad-GFP larvae. Inserted
He>CheCAAX positive cells show strong DE-Cadherin (DE-Cad)-GFP expression
(arrowhead). Inserted cells not labeled with He>CheCAAX can be observed by
DE-Cad-GFP expression alone (open arrowhead). (H–J) Diuretic hormone 31 (DH31)
expression in srp(hemo)>GFP + inserted cells in the midgut junction region. DH31 is
expressed in inserted cells (H) that express srp(hemo)>GFP (I; merge in J). (K–M)
Zoom on a single cell illustrates DH31-positive vesicles clustered at the basal side of
the cell (as described; LaJeunesse et al., 2010). Bar scales: 25 lm.3. Results
3.1. Characterization of gut-associated macrophages
With the aim of establishing Drosophila as a tool to study tissue-
resident macrophages, we set out to characterize larval gut-associ-
ated hemocytes. As previously reported (Charroux and Royet,
2009), we observed two populations of cells expressing the hemo-
cyte marker Hemolectin (HmlD-Gal4; Sinenko and Mathey-Prevot,
2004) at the gut: one enclosed in the PV and the other inserted
in a speciﬁc locus at the junction between the anterior and
acidic/copper regions of the midgut (Fig. 1A, arrowheads).
Closer examination of the ﬁrst population revealed that en-
closed cells are located within the folds of the PV (Fig. 1B and C).
The PV constitutes the junction of the foregut and the midgut
(Nakagoshi, 2005). It functions in the regulation of the food ﬂow
into the midgut, and secretes peritrophic matrix, a chitin-based
structure that lines the inside of the gut, protecting the epithelium
from microorganisms present in the food. Recently, the PV has
been shown to include a region of gut stem cells (Singh et al.,
2011). The PV is a complex, multilayered structure formed by the
folding of an inner layer, the esophagus; a middle layer, also from
ectodermal origin; and an outer layer corresponding to the most
anterior part of the endodermal midgut (Nakagoshi, 2005). Hemo-
cytes circle the esophagus at the junction between the foregut and
the midgut, and appear to be attached to the basal surface of the
middle layer epithelium (Fig. 1D). They have a typical plasmato-
cyte morphology (Stofanko et al., 2010), namely they show a round
shape, extend protrusions and contain vacuoles (Fig. 1C).In contrast, the cells inserted in the midgut do not present a
classical hemocyte morphology. These cells, with an average num-
ber of 6, are bottle-shaped with an apical projection toward the lu-
men, have a large nucleus and contain many vesicles (Fig. 1E and
F). They are located between enterocytes and underneath the epi-
thelium basement membrane (Fig. 1G and data not shown). We
found that they express diuretic hormone 31 (DH31 Veenstra,
2009; Fig. 1H–M), and therefore correspond to a small group of
neuropeptide-expressing enteroendocrine cells recently shown to
control peristaltic movements of the midgut (LaJeunesse et al.,
2010). Although we observed that these cells express a large num-
ber of hemocyte Gal4 markers: serpent(hemo) (srp(hemo)), HmlD,
Hemese (He), Peroxidasin (Pxn), croquemort (crq), glial cells missing
(gcm), lozenge (lz; Bruckner et al., 2004; Cho et al., 2002; Crew
et al., 1997; Kurucz et al., 2003; Stramer et al., 2005), we did not
detect expression of endogenous He protein when labeling
Fig. 2. PV-enclosed cells express hemocyte markers reﬂecting expression in the
general population. (A) He>GFP. (B) Pxn>GFP. (C) eater>GFP. The PV contains He, Pxn
and eater driver-positive cells, but at lower numbers compared to HmlD>GFP (see
Fig. 1B and Table 1). (D) lz>GFP positive cells are found at a low number, similar to
that observed in the general population. (E–G) PV-hemocytes are positively labeled
by the He antibody (E). These He-positive cells represent a subset of HmlD>GFP-
positive cells, stained with anti-GFP antibody (F; merge in G). (H–J) Fascin (H) is
expressed in some PV-hemocytes (HmlD>GFP, (I) merge in (J)). (K) PV-hemocytes
(anti-GFP in HmlD>GFP, green) are attached to the basal side of the intermediate
fold of the PV epithelium (anti-DE-Cad, red; DAPI, blue; white dashed lines indicate
limits of PV folds), close to the stem cell population (surrounded by yellow dashed
line). Bar scales: 25 lm.
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all expression of UAS-GFP under the control of a driver-Gal4) larval
midguts with a He antibody, suggesting artifactual expression, atleast for the He driver (data not shown). The non-speciﬁc expres-
sion of Gal4 in these cells is not limited to hemocyte drivers, as
it was reported for various Gal4 lines in recent studies (LaJeunesse
et al., 2010; Veenstra, personal communication). When using an-
other hemocyte-speciﬁc antibody against Nimrod (NimC1; Kurucz
et al., 2007), we also found these cells to be negative, while they
express Cadherin, similar to the surrounding epithelial cells (data
not shown and Fig. 1G).
As lineage analysis experiments are confounded by the unspe-
ciﬁc expression of Gal4, we cannot entirely exclude the possibility
that these cells are atypical hemocytes that express neuropeptides.
However, given their full insertion in the gut epithelium and the
functional data presented (LaJeunesse et al., 2010), and without
any other compelling evidence to suggest they are hemocytes,
we ﬁnd this possibility very unlikely. We therefore decided to re-
strict our analysis to the population of hemocytes located in the PV.3.2. Marker expression in PV-hemocytes reﬂects expression in the
general hemocyte population
The ﬁrst question we aimed to address was whether this dis-
crete tissue-associated hemocyte population was distinct from
the general hemocyte population. We analyzed the expression pat-
tern of a large set of hemocyte markers in these cells, using both
Gal4 drivers and immunoﬂuorescence in L3 wandering larvae
(L3W; Figs. 1B and 2A–K). Our data strongly supports that PV
hemocytes express markers in a pattern comparable to that ob-
served in the general population at this stage. For example, it is re-
ported that over 95% of L3 hemocytes express HmlD-Gal4
(Charroux and Royet, 2009), and we observed that in the PV,
HmlD-Gal4 drives GFP in the highest number of cells when com-
pared to other hemocyte drivers (Table 1). Consistent with the glo-
bal hemocyte population at this stage, srp(hemo)-Gal4, gcm-Gal4
and crq-Gal4 did not drive GFP expression in the PV (Table 1). Sim-
ilarly, Gal4 lines which are known to be expressed in a subset of
circulating hemocytes, such as He-Gal4, Pxn-Gal4 and eater-Gal4
(Stofanko et al., 2008; Zettervall et al., 2004), were also expressed
in the PV-enclosed cells, but at lower numbers compared to HmlD-
Gal4 (Table 1 and Fig. 2A–C). In the case of He, we conﬁrmed this
expression pattern at the level of the endogenous protein by
immunolabeling guts from HmlD>GFP larvae with antibodies
against He (Fig. 2E) and GFP (Fig. 2F). We found that some PV-
hemocytes are positive for He and that these cells represent a sub-
set of HmlD>GFP-positive cells (Fig. 2G), corresponding well with
the numbers observed in the He>GFP line (Table 1). Last, cells
expressing the crystal cell marker lz-Gal4 are occasionally observed
in the PV, suggesting that crystal cells represent a low percentage
of PV-hemocytes similar to their proportion in the global hemocyte
population (Table 1; Bataille et al., 2005; Lebestky et al., 2000;
Fig. 2D), and that the PV population is mainly composed of plas-
matocytes. Consistent with this idea, we did not observe expres-
sion of the lamellocyte marker MSNF9mo in PV-hemocytes (data
not shown; Sorrentino et al., 2002; Tokusumi et al., 2009). This cor-
responding pattern of expression between the PV and general
hemocyte populations suggests that PV hemocytes are not a con-
spicuously distinct subset of hemocytes and could be recruited
from the circulation.
Interestingly, we found that some of these cells express the
actin-bundling protein Fascin (Fig. 2H), which is important for
invasive migration of embryonic hemocytes (Zanet et al., 2009).
Moreover, we observed that Fascin is more often expressed in
the cells closest to the anterior opening of the PV (Fig. 2H–J).
Together, these data suggest that the PV hemocyte population is
composed of cells from the general population that access the PV
by migrating through the space between the internal epithelium
Table 1
Number of cells positive for hemocyte-speciﬁc Gal4 drivers in the PV.
Mean Standard deviation n
HmlD>GFP 22.1 2.7 22
srp(hemo)>GFP 0.0 0.0 5
gcm>GFP 0.0 0.0 5
crq>GFP 0.0 0.0 6
He>GFP 10.0 4.7 5
Pxn>GFP 18.0 7.8 3
eater>GFP 19.8 13.5 4
lz>GFP 0.4 0.8 7
Fig. 3. Lineage analysis and recruitment of PV-hemocytes during development. (A)
Lineage analysis in gcm>G-Trace larvae showed positive labeling of cells in the PV of
L3W larvae. (B) A similar number of labeled cells was observed in circulating
hemocytes at the same stage. (C) PV-hemocytes are not visible in Pxn, HmlD>GFP
stage 17 embryo. (D) PV-hemocytes are only very rarely observed in Pxn, HmlD>GFP
L1 larva (PV without hemocytes pictured). (E) PV-hemocytes in HmlD>GFP L2 larva.
(F) PV-hemocytes in HmlD>GFP young L3 larva. Increasing numbers of PV-
hemocytes are seen during the L2 and L3 larval stages. (G) Hemocytes within the
adult PV in HmlD>GFP ﬂies. Bar scales: 25 lm.
642 A. Zaidman-Rémy et al. / Developmental and Comparative Immunology 36 (2012) 638–647(foregut) and the intermediate epithelial layer where the PV stem
cells are located (Fig. 2K).
3.3. PV-hemocytes are plasmatocytes of embryonic origin recruited
during larval stages
Drosophila hemocytes arise from two distinct developmental
origins. The ﬁrst wave of hemocytes differentiates from the embry-
onic head mesoderm at stage 10 and has dispersed throughout the
embryo by stage 17. The second origin of hemocytes is the lymph
gland, a hematopoietic organ where hemocytes mature during lar-
val stages. Under normal conditions, i.e. in the absence of parasitic
wasp infestation, these hemocytes are released at the onset of
metamorphosis (Crozatier and Meister, 2007). The gene glial cells
missing (gcm) has been shown to be required for the development
of embryonic plasmatocytes but is not expressed in the lymph
gland (Alfonso and Jones, 2002; Crozatier and Meister, 2007). To
better identify the developmental origin of the gut-associated
hemocytes, we used gcm-GAL4 to perform a lineage analysis using
the G-Trace system that allows the induction of homologous
recombination events during divisions of Gal4-expressing cells,
resulting in permanent expression of nuclear GFP in their progeny
(Evans et al., 2009). We found a similar number of positive nuclei
enclosed in the PV as in the general hemocyte population retrieved
from bleeds (±20%; Fig. 3A and B). This strongly suggests that a
subset, if not all, of the PV hemocyte population is derived from
the ﬁrst embryonic wave of differentiation.
Dissection of guts from late stage embryos (from stage 16 to
immediately prior to hatching; Fig. 3C) did not reveal the presence
of any hemocytes at the PV, despite the use of a combination of
embryonic and larval hemocyte Gal4 drivers (pxn or srp, and HmlD,
respectively). First instar larvae rarely presented PV hemocytes
(Fig. 3D; mean: 0.1 ± 0.5). We observed that hemocytes consis-
tently associate with the gut tissue only from larval stage 2
onward, with progressive but steady increase of PV-hemocyte
number over larval development (Figs. 3E and F and 1B; mean
numbers of hemocytes were as follows: L2: 0.9 ± 1.0; young L3:
4.4 ± 0.9; late L3 wandering: 17.2 ± 12.4). HmlD>GFP-positive cells
were also detected in the adult PV (Fig. 3G), as previously reported
(Charroux and Royet, 2009).
All together, these data indicate that plasmatocytes of embry-
onic origin populate the PV fold from L2 stage onward.
3.4. Hemocytes at the proventriculus are functional, phagocytic
macrophages
Phagocytosis is a major function of plasmatocytes (Fauvarque
and Williams, 2011; Stuart and Ezekowitz, 2008); we next tested
the ability of PV hemocytes to perform this task. Immunostaining
of HmlD>GFP L3W guts revealed that PV-hemocytes express the
phagocytic receptor NimC1 (Kurucz et al., 2003) at their membrane
(Fig. 4A–C). NimC1 is involved in bacterial phagocytosis and is
expressed in plasmatocytes, while absent in crystal cells andlamellocytes (Kurucz et al., 2003). To directly test whether PV
hemocytes could perform phagocytosis, we infected larvae by
feeding ﬂuorescent E. coli bacteria, or E. carotovora bacteria, a phy-
topathogen that uses ﬂies as vectors and is classically used to study
Drosophila-pathogen interactions (Basset et al., 2000). We were un-
able to detect the presence of bacteria in PV-hemocytes after feed-
ing (data not shown). The ﬂy possesses a tough, chitinous cuticle
and the peritrophic matrix that line the foregut and the midgut,
respectively. In these experiments, these physical barriers re-
mained intact, separating gut lumen content, including bacteria,
from the epithelium (data not shown). However, when we dis-
sected HmlD>GFP guts on ice into a solution containing E. coli-
RFP, we found that after 20 min, many PV-hemocytes had engulfed
ﬂuorescent bacteria (Fig. 4D). Strikingly, when we injected ﬂuores-
cent microbeads into the posterior end of feeding L3 larvae, we
found beads located in the PV upon dissection 18 h later at L3W
stage. Many of these beads had been phagocytosed by PV-hemo-
cytes, however, some had not and were free in the space of the
PV-fold (Fig. 4F–H). This suggests that the PV could act as a ‘‘sink’’
for debris or bacteria from the hemolymph, trapping particles due
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tion why it might be important for hemocytes to be located here.
To determine the ability of gut-plasmatocytes to phagocytose
apoptotic cells, we performed a TUNEL analysis on HmlD>nls-
Cherry L3W guts. As these hemocytes are labeled not only in the
nucleus but also weakly in their cytoplasm, this allowed us to de-
tect that some hemocytes had phagocytosed dying cells (TUNEL-
positive vesicle inside the cell but distinct from its nucleus;
Fig. 4E, arrowhead). We thus conclude that hemocytes at the PV
are functional macrophages capable of phagocytosing both bacte-
rial intruders and apoptotic cells.
3.5. A balance in PI3K signaling is required for proper homing of
hemocytes to the gut
Given the location of PV-hemocytes in a region of the gut that is
known to be responsive to oral infection (Tzou et al., 2000;Fig. 4. PV-hemocytes are functional macrophages that can phagocytose dying cells
and pathogens. (A–C) PV-hemocytes express the phagocytosis receptor NimC1.
NimC1 (A) localizes to the membrane of GFP-positive cells (B) in HmlD>GFP larvae
(C, merge). (D) Example of an HmlD>GFP positive PV-hemocyte that has engulfed
E. coli-RFP after ex vivo infection. Side panels display optical slices through the
center of the cell, demonstrating that several bacteria are completely enclosed. (E)
TUNEL-positive nuclei (green) can be observed within the cytoplasm of
HmlD>nlsChe-positive PV-hemocytes (red). (F and H) several different views of an
HmlD>nlsChe larval PV after injection of ﬂuorescent microbeads into the hemo-
lymph. Beads (green) are found inside the PV fold (F, gray), many of which have
been phagocytosed by PV-hemocytes (G and H, red). The dashed box in (F) indicates
the corresponding position of the image displayed in (G and H). Side panels display
optical slices through the center of several hemocytes, demonstrating the complete
enclosure of several beads (H). Bar scales: 25 lm.Vodovar et al., 2005), we hypothesized that the presence of in-
gested bacteria may regulate their number. To test this, we orally
infected larvae with the pathogenic bacteria E. carotovora and P.
entomophila, over several days or overnight, respectively. We did
not ﬁnd any signiﬁcant difference in the number of hemocytes in
infected larvae as compared to uninfected controls (Supp. Fig. 1).
This suggests that recruitment of hemocytes to the PV may be
developmentally regulated instead; therefore we next addressed
which signaling pathways are responsible for this regulation.
PI3K is known to be involved in chemotaxis of individual cells in
various organisms (Affolter and Weijer, 2005), and importantly, in
the homing of immune circulatory cells in vertebrates (Oak et al.,
2007; Ward and Marelli-Berg, 2009) as well as in migration of
hemocytes to laser-induced wounds in Drosophila embryos (Wood
et al., 2006). More recently, PI3K has been implicated in the regu-
lation of the size of the gut-resident macrophage population in
mice models for colitis (Uno et al., 2010; van Dop et al., 2010)
and was thus a good candidate to test.
To investigate whether the localization of PV-hemocytes is reg-
ulated by the PI3K signaling pathway, we analyzed the behavior of
PV-hemocytes with either inactivated or over-activated PI3K sig-
naling. We manipulated Dp110 (PI3K92E), the only catalytic sub-
unit of Class I PI3K in Drosophila (Vanhaesebroeck et al., 1997).
Fig. 5A–E shows that, in comparison to control larvae (Fig. 5B
and E), we observed signiﬁcantly more PV hemocytes when a
PI3K dominant negative (DN; Leevers et al., 1996) transgene was
speciﬁcally expressed in hemocytes (Fig. 5C and E). Conversely, sig-
niﬁcantly less PV hemocytes where found when expressing a myc-
tagged PI3K constitutively active construct (CA-myc; Fig. 5D and E).
In addition, when we tested a second CA construct with a different
insertion site (CA), we also observed fewer hemocytes in the PV
than in the control (Fig. 5E). These data suggest that active PI3K
signaling in hemocytes is not required for the initial recruitment
to the PV. However, once at the PV, hemocyte number is main-
tained in a PI3K-dependent manner. Importantly, this PI3K-depen-
dent regulation of the PV-hemocyte population was not inﬂuenced
by the presence of bacteria (E. carotovora or P. entomophila) in the
digestive tract, which had no signiﬁcant impact on hemocyte num-
ber in either HmlD>PI3K CA and HmlD>PI3K DN larvae (Supp.
Fig. 1).
PI3K regulates many cellular processes including migration,
growth, proliferation and survival (Hawkins et al., 2006). There-
fore, we tested whether alterations in hemocyte survival or
proliferation rates could account for the changes in the number
of PV-hemocytes in larvae with modiﬁed PI3K signaling. TUNEL
analysis showed that the percentage of apoptotic cells among the
PV-enclosed hemocytes was very low under normal conditions,
and this was unaffected inHmlD>PI3K CA andHmlD>PI3K DN larvae
(Fig. 5F–H). Increased or decreased PI3K activity in larvae had no
signiﬁcant effect on the percentage of TUNEL-positive cells in
bleeds, which was extremely low in all cases, as previously re-
ported for wild-type larvae (Matova and Anderson, 2006 and data
not shown). We did not observe an increased number of dividing
cells after manipulation of PI3K activity, as visualized by anti-phos-
phohistone H3 (PH3) immunostaining. Indeed, no PH3-positive
cells were found among the PV-hemocytes in any of the genetic
backgrounds, although we consistently observed mitotic ﬁgures
among the neighboring gut cells in the PV (particularly within
the gastric stem cell niche) and midgut in each sample (Fig.
5I–K). In bleeds, which allow for analysis of a higher number of
cells, we observed a low number (mean 0.6 ± 0.1%) of proliferative
hemocytes in the control background, consistent with previous
reports (Pastor-Pareja et al., 2008). Importantly, we did not ﬁnd a
signiﬁcantly different number of proliferating cells in either
HmlD>PI3K CA (mean: 0.5 ± 0.3%) or HmlD>PI3K DN larval bleeds
(mean: 0.6 ± 0.3%).
Fig. 5. Fine-tuned regulation of PI3K signaling regulates hemocyte number at the PV. (A) Schematic of upper midgut showing location of PV-enclosed hemocytes (green). The
dashed box corresponds to the region imaged in the following panels. (B) A representative example of PV from control HmlD>GFP larva. (C) HmlD>GFP, PI3K DN larva. (D)
HmlD>GFP, PI3K CAmyc larva. (E) Statistical analysis of PV-hemocyte number reveals a lower number in PI3K CA larvae and a higher number in PI3K DN larvae when compared
to the control. Lines represent mean with standard error of the mean. (F–H) PI3K signaling does not affect cell death of PV-hemocytes. Representative images of PV from
control (He>CheCAAX; (F), He>CheCAAX, PI3K DN (DN; G) and He>CheCAAX, PI3K CAmyc (CA; H) larvae subjected to TUNEL analysis. Green: anti-Cherry; blue: DAPI, red: TUNEL.
Examples of TUNEL-positive cells are indicated with arrow head. (I–K) PI3K signaling does not affect the proliferation of PV-hemocytes. Representative images of PV from
control (HmlD>GFP; (I), HmlD>GFP, PI3K DN (DN; J) and HmlD>GFP, PI3K CAmyc (CA; K) larvae subjected to immunoﬂuorescence for PH3. Green: anti-GFP; blue: DAPI, red: anti-
PH3. Note the presence of PH3-positive cells in the stem cell region of the PV (arrow heads). Percentages of apoptotic and proliferating cells in (F–K) are displayed as the mean
of three independent experiments (standard deviation in brackets). (L) Cell morphology distribution in live bleeds is altered by PI3K signaling. Representative images of cell
morphology categories observed in live bleeds and graph showing the distribution of morphological classes in HmlD>GFP, PI3K CAmyc hemocytes (CA) and HmlD>GFP, PI3K DN
hemocytes (DN), as compared to control. The cell outlines are highlighted by dashed white lines. ⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001. Bar scales: 25 lm.
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PI3K signaling, PV-hemocyte morphology was altered: HmlD>PI3K
DN PV-hemocytes are smaller and rounder than controls and
HmlD>PI3K CA are more spread (Fig. 5B–D). One hypothesis is that
this reﬂects the space available for the cells to spread in each con-
dition, due to the respective lack or excess of hemocytes. However,
when we imaged live cells from the circulation ex vivo in these dif-
ferent genetic contexts, we observed a similar modiﬁcation of cell
morphology. As described for primary hemocytes and hemocyte-
derived lines (Kadandale et al., 2010; Liu et al., 2009), a range of
cell morphologies was observed in control bleeds. These were cat-
egorized in three groups: round, with few or no lamellae or projec-
tions; intermediate, with some ﬁlopodia and partial lamellae; and
serrate, with large, well spread and serrated lamella (Fig. 5L). We
found that compared to controls, the HmlD>PI3K DN hemocyte
population has a slightly greater proportion of round cells whereas
theHmlD>PI3K CA population has a signiﬁcantly greater proportion
of spread, serrate cells (Fig. 5L). This suggests that the change incell morphology we observe in the PV in response to PI3K modula-
tion reﬂects a change in the global hemocyte population, which
may be related to adhesive properties of the cells, rather than
space constraints. Collectively, these results indicate that PI3K
dependent regulation of the number of PV-hemocytes is not ex-
plained by differences in cell survival or proliferation, but might in-
stead involve changes to the adhesive properties of the cells.
3.6. PI3K signaling modulates the phagocytosis activity of PV
hemocytes
Because we observed a much higher number of hemocytes at
the PV upon expression of PI3K DN, we hypothesized that those lar-
vae might ﬁght intestinal infection more efﬁciently, while larvae
with less PV-hemocytes (HmlD>PI3K CA) may be more susceptible
to infection. However, upon oral infection of larvae with either P.
entomophila or E. carotovora, no signiﬁcant effect on survival was
observed in either context (Supp. Fig. 2).
Fig. 6. PI3K is required for PV-hemocyte phagocytic ability. PV-hemocytes
expressing a dominant negative form of PI3K present a signiﬁcantly lower
phagocytic index than controls in an ex vivo phagocytosis assay. Control:
HmlD>GFP. PI3K DN: HmlD>GFP, PI3K DN. PI3K CA: HmlD>GFP, PI3K CA. Mean
phagocytotic indexes of three independent experiments and standard deviations
are represented. ⁄p < 0.05.
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colonic inﬂammation, however, macrophages are deﬁcient in sig-
naling and bactericidal activity (Uno et al., 2010). To test if a similar
loss of gut macrophage function occurs in HmlD>PI3K DN larvae,
we performed a phagocytosis assay on PV-hemocytes. Strikingly,
although HmlD>PI3K DN PV-hemocytes are more numerous, they
have a signiﬁcantly lower phagocytic index compared to controls
(Fig. 6).
Altogether, these results reveal the importance of ﬁnely-tuned
regulation of PI3K signaling for the proper maintenance and phag-
ocytic function of hemocytes at the gut.
4. Discussion
A tightly-regulated presence of innate immune cells at the gut
epithelium is essential for intestinal homeostasis in mammals.
However, very little is known about the molecular basis of the dia-
log between tissues and their associated immune cells. It is also un-
clear whether immune cells are associated with the intestine in
insects. In this paper, we present the ﬁrst detailed characterization
of Drosophila gut-associated hemocytes and open the possibility of
using the fruit ﬂy as a simple genetic tool to better understand as-
pects of the regulation of tissue-resident macrophages.
Here, we prove unequivocally that the PV encloses bona ﬁde
hemocytes: (i) these cells present a characteristic hemocyte mor-
phology; (ii) expression of many markers is equivalent to the gen-
eral hemocyte population, including several proteins detected by
immunolabeling; (iii) they are positive for a gcm-Gal4-based
(embryonic) lineage analysis; (iv) they are capable of phagocytos-
ing dying cells, debris and bacteria. This is the most deﬁnitive
evidence as it demonstrates that these cells function as macro-
phages. Indeed, the ﬁrst observation of the presence of hemocytes
at the gut was based on the expression of two Gal4 drivers consid-
ered to be hemocyte-speciﬁc (Charroux and Royet, 2009). How-
ever, as illustrated by the second, inserted cell population
characterized in this way, some Gal4-based expression patterns
are artifacts, and do not represent the endogenous protein expres-
sion (e.g. Hemese, this study). Thus the use of Gal4 driver expres-
sion is insufﬁcient to determine the nature of these cells.
We show that PV-hemocytes can phagocytose bacteria they
encounter, although it is unclear whether protection against in-
gested microorganisms is their main function at the gut. Indeed,
the chitinous cuticle and peritrophic matrix, and the epithelium
they line may be sufﬁcient to prevent most bacteria from crossingthe epithelium and reaching PV-hemocytes. Indeed, when we oral-
ly infected larvae with ﬂuorescent E. coli or E. carotovora, we did
not observe these bacteria outside of the lumen. We cannot, how-
ever, exclude that PV-hemocytes play the role of phagocytic senti-
nels against particularly virulent pathogens or in case of damage to
the PV, which might represent a weak point at the junction
between the foregut and the midgut. An increased number of
PV-hemocytes in HmlD>PI3K DN larvae was not protective against
oral infection with P. entomophila or E. carotovora in terms of sur-
vival, however, as these cells are also defective in phagocytosis, we
cannot conclude that there is no role for PV-hemocytes in the de-
fense against intestinal infection. The presence of hemocytes in
the fold of the PV could instead be important to protect this organ
from infection in the case of a general septicemia of the organism,
after septic injury or destruction of the gut epithelium. This
hypothesis is supported by the observation that beads injected into
the hemolymph at the posterior end of the larva become trapped in
the PV and are subsequently phagocytosed by PV-hemocytes. Due
to the constant motion of the gut and the structure of the PV as an
enclosed space with a single, apical opening, the PV may act as a
sink for debris and bacteria circulating in the hemolymph. The
presence of macrophages could therefore be important to prevent
the establishment of an infection in this location. Intriguingly, PV-
hemocytes are located next to a recently described pool of midgut
stem cells (Singh et al., 2011). One possibility is that the hemocytes
serve as ‘bodyguards’ for these important cells, signal to them, or
play a role in their maintenance by cleaning up apoptotic cells from
their neighborhood or secreting extracellular matrix. Indeed, gut
macrophages in mammals are known to promote colonic wound
healing by stimulating proliferation of epithelial progenitor cells
and stabilizing the extracellular matrix (Pull et al., 2005). Further
analysis will be necessary to address the exact function of
Drosophila gut hemocytes and to explore the existence of similar
gut-hemocytes in other insect species. Interestingly, in immune-
primed mosquitos, hemocyte marker expression is increased in
the gut upon infection by the malaria parasite Plasmodium, sug-
gesting that hemocytes interact with the infected midgut (Rodri-
gues et al., 2010). This raises the possibility that hemocytes at
the gut are used generally as a defense mechanism by insects fac-
ing infection that damages the intestinal epithelium, which could
be particularly relevant for studies of insect vector-pathogen
interactions.
Our study opens the possibility of using Drosophila as a simple
tool to address the question of gut-macrophage regulation. Indeed,
PV-hemocytes constitute a discrete population with a speciﬁc, re-
stricted location, which makes them easy to quantify. Our data
indicate that the number of PV-hemocytes is quite robust, and is
thus likely to be under strict regulation. Here, we show that PI3K
regulates gut-hemocyte localization in the Drosophila larva. Using
three different constructs, we demonstrate that modifying PI3K
signaling is sufﬁcient to alter the number of PV-hemocytes as well
as their cell shape, independently of effects on survival or prolifer-
ation. Importantly, we did not ﬁnd that PI3K is required for recruit-
ment of the hemocytes to the gut, as they are present in high
numbers in the absence of PI3K signaling. This initial recruitment
may involve other signals, e.g. PVF/PVR signaling, which is required
for the dispersal of embryonic hemocytes (Cho et al., 2002; Wood
et al., 2006). However, we show that PI3K modulation modiﬁes the
number of PV-hemocytes, likely by regulating their capacity to mi-
grate out of the PV (see interpretive model in Fig. 7). In addition,
we found that PI3K signaling is required for PV-hemocytes to per-
form efﬁcient phagocytosis. Strikingly, these results mimic recent
ﬁndings in mouse models of colitis, where mutants for PI3Kc or
PI3Kd have higher numbers of macrophages inﬁltrating the gut epi-
thelium, but these are defective in signaling and bactericidal activ-
ity (van Dop et al., 2010). As in mammals, we do not yet
Fig. 7. Interpretive scheme. We postulate that an initial signal ‘X’ recruits
hemocytes to the fold of the PV. Hemocytes at the PV are still able to migrate
away, in a PI3K-dependent manner. PI3K could act through the regulation of
hemocyte adhesion to their substrate (the basal membrane of the epithelium at the
junction between foregut and midgut), or by relaying a chemoattractant signal
coming from other tissues. The normal situation is depicted as are cases when PI3K
is up- or down-regulated in hemocytes. Half of a PV is represented, anterior is up
and gut lumen is on the left. Arrows indicate signaling regulating hemocyte
movements.
646 A. Zaidman-Rémy et al. / Developmental and Comparative Immunology 36 (2012) 638–647understand the exact mechanisms of action of PI3K on Drosophila
gut-hemocytes. As we observed a change in cell morphology of
gut-hemocytes and ex vivo preparations, one possibility is that
PI3K regulates the capacity of hemocytes to migrate away from
the PV by modulating their adhesive properties. Another explana-
tion for the phenotypes we observed is the role of PI3K in single-
cell chemotaxis. Hemocytes over-expressing PI3K may leave the
PV because of over-responsiveness to attractive signals from an-
other tissue in the organism.
Future studies should identify the receptor(s) and effector
mechanism(s) upstream and downstream of the PI3K hub. Whilst
Drosophila does not possess the chemokine receptor subfamily of
G Protein Coupled Receptors (GPCRs) that are implicated in mam-
malian immune cell homing (Metpally and Sowdhamini, 2005),
identiﬁcation of other GPCRs regulating hemocyte colonization of
the gut would give insight into the evolution of this receptor super-
family in immune cell guidance. More generally, the ﬂy could allow
us to address basic questions about the role of PI3K signaling in im-
mune cell homing, such as how cells integrate signals received
from various receptors upstream of PI3K, or how response speciﬁc-
ity is achieved when PI3K activation can result in different cellular
outputs. These questions are technically challenging to address in
vertebrate models, particularly where pathway components are
not solely expressed in immune cells, but also in other tissues.
The existence of two binary systems (Phelps and Brand, 1998;
Potter et al., 2010) to control tissue-speciﬁc gene expression in
the ﬂy makes it a powerful system to manipulate innate immune
cells and their resident tissues in parallel, in order to decipher
the molecular basis of their interactions.Acknowledgements
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